Abstract Targeted MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) X-Ray Spectrometer measurements of Mercury's largest identified pyroclastic deposit are combined with neutron and reflectance spectroscopy data to constrain the composition of volatiles involved in the eruption that emplaced the pyroclastic material. The deposit, northeast of the Rachmaninoff basin, is depleted in S (relative to Ca and Si) and C, compared with the rest of Mercury's surface. Spectral reflectance measurements of the deposit indicate relatively high overall reflectance and an oxygen-metal charge transfer (OMCT) absorption band at ultraviolet wavelengths. These results are consistent with oxidation of graphite and sulfides during magma ascent, via reaction with oxides in the magma or assimilated country rock, and the formation of S-and C-bearing volatile species. Consumption of graphite during oxidation could account for the elevated reflectance of the pyroclastic material, and the strength of the OMCT band is consistent with~0.03-0.1 wt % FeO in the deposit.
Introduction
The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mission has provided abundant evidence that effusive volcanism shaped much of Mercury's surface [e.g., Head et al., 2011; Byrne et al., 2013; Denevi et al., 2013; Whitten et al., 2014] . In addition to widespread plains deposits, there is evidence for explosive volcanic deposits at a number of sites. The presence of pyroclastic deposits was first hypothesized on the basis of Mariner 10 images [e.g., Rava and Hapke, 1987; Robinson and Lucey, 1997] . Dozens of pyroclastic deposits, formed by past volcanic eruptions, were subsequently identified from multispectral images obtained during MESSENGER's three flybys of Mercury [e.g., Murchie et al., 2008; Head et al., 2008 Head et al., , 2009 Kerber et al., 2009 Kerber et al., , 2011 Prockter et al., 2010] . These deposits are characterized by high reflectance and "red" spectral slopes (i.e., the reflectance increases steeply with increasing wavelength) from ultraviolet to near-infrared wavelengths and diffuse borders Kerber et al., 2009 Kerber et al., , 2011 . The deposits surround scalloped, rimless pits, which are interpreted as the source vents for the eruptive deposits [Kerber et al., 2011] . From the improved coverage and resolution of MESSENGER orbital data, a larger catalog of pyroclastic deposits has now been compiled [Kerber et al., 2011; Goudge et al., 2014; Thomas et al., 2014] . The deposits are concentrated along fractures at the margins of impact basins, within impact craters, and along lobate scarps [Goudge et al., 2014; Thomas et al., 2015] . Among 150 pyroclastic deposits in the most recent catalog [Thomas et al., 2014] , the deposit to the northeast of Rachmaninoff impact basin (NE Rachmaninoff; Figure 1a ) is by far the largest: its distinctive spectral signature is discerned to a maximum radial range of~130 km [Thomas et al., 2014] . This deposit also has the highest visible-wavelength reflectance on Mercury [Murchie et al., 2015] .
Explosive volcanism on Earth is driven primarily by the exsolution of magmatic H 2 O and CO 2 [e.g., Wallace et al., 2015] , but the volatiles responsible for Mercury's pyroclastic activity have yet to be determined. Geochemical results from MESSENGER's orbital campaigns [Nittler et al., 2011; Peplowski et al., 2011 Peplowski et al., , 2012 Peplowski et al., , 2014 Peplowski et al., , 2015 Peplowski et al., , 2016 Evans et al., 2012 Evans et al., , 2015 Weider et al., 2012 Weider et al., , 2014 Weider et al., , 2015 have revealed that Mercury's silicate fraction is highly reduced and volatile rich (i.e., with high concentrations of K, Na, Cl, S, and C). Here we present an analysis of WEIDER ET AL.
S-AND C-DRIVEN VOLCANISM ON MERCURY 1
PUBLICATIONS

Geophysical Research Letters RESEARCH LETTER
10.1002/2016GL068325
Key Points:
• MESSENGER data constrain the composition of volatiles involved in the emplacement of Mercury's largest known pyroclastic deposit • The NE Rachmaninoff pyroclastic deposit is depleted in S and C compared with the rest of Mercury's surface • Results are consistent with oxidation of C and sulfides during magma ascent and the formation of S-and C-bearing volatile species
Supporting Information:
• Supporting Information S1
• Figure S1 • Figure S2 Correspondence to: Denevi et al. [2013] , are outlined in black. XRS-derived maps for (b) Mg/Si, (c) Al/Si, (d) S/Si, (e) Ca/Si, and (f) Fe/Si, overlaid on the MDIS base map, with the footprint of the targeted XRS observation outlined.
Methodology
Through planetary X-ray fluorescence (XRF) spectroscopy, data from MESSENGER's XRS [Schlemm et al., 2007] can be used to quantify the major element composition of Mercury's uppermost (top~100 μm) crust. Global maps of Mg/Si and Al/Si have been constructed from XRS data Nittler et al., 2016] . Maps of S/Si, Ca/Si, and Fe/Si have also been produced, but coverage for those ratios is less complete Nittler et al., 2016] . The XRS instrument's 12°field of view (FOV) and variable integration times, coupled with the spacecraft's eccentric orbit, yield measurement "footprints" that vary from <100 km (over high northern latitudes) to >3000 km (over the southern hemisphere) in effective diameter [Schlemm et al., 2007; Weider et al., 2012] . The average spatial resolution of XRS maps thus ranges from~250 km to almost 2000 km . During MESSENGER's second extended mission, several sites of scientific interest were the focus of XRS "targeted observations." During these measurements, the spacecraft was rotated to keep the instrument's FOV centered on a target for up to tens of minutes to maximize the chance of obtaining high-quality XRF data during a solar flare. These measurements were the first from a planetary mission when a geochemical remote sensing instrument dictated spacecraft pointing for feature tracking.
On 14 December 2013, a powerful solar flare occurred during a targeted XRS observation of NE Rachmaninoff. For our analysis, we used only the first five XRS integrations (i.e., 200 s) of the 440-s-long flare (see Table 1 ). This interval was the most powerful and stable phase of the flare and thus provided spectra with the highest signal-to-noise ratios. We used our standard forward modeling procedure [Nittler et al., 2011; Weider et al., 2012 Weider et al., , 2014 Weider et al., , 2015 , based on the fundamental parameters approach [Clark and Trombka, 1997; Nittler et al., 2001] , to fit the spectra ( Figure S1b in the supporting information) and derive elemental abundance estimates for NE Rachmaninoff. For this analysis, we fit the individual solar spectra ( Figure S1a ) obtained from the Solar Assembly for X-rays component of XRS [Schlemm et al., 2007] . Following the methods of Weider et al. [2014] , we then calculated an intensity-weighted average solar flare plasma temperature from the five individual spectra, and we used the CHIANTI code [Dere et al., 1997] to generate a high-resolution model solar spectrum. In addition to this model solar spectrum, we used the viewing geometry, X-ray scattering information, atomic physics parameters, and an X-ray detector background as inputs for our forward model to obtain theoretical XRS spectra for varying elemental abundances. We compared such model spectra with the observed XRS spectrum (i.e., five coadded measured spectra) and used a nonlinear χ 2 minimization routine to estimate elemental abundances. The mean temperature of the emitting solar plasma for this flare was~19 MK (Table 1) , sufficient to derive abundance ratios for Mg, Al, S, Ca, Ti, and Fe, all relative to Si (Table 1) .
XRS Results
Our forward modeling results for NE Rachmaninoff (Table 1) are shown in the context of the latest XRS global elemental maps in Figure 1 . In our mapping procedure , the value of each pixel is weighted more heavily by XRS measurements with the smallest footprints and lowest fitting errors. We therefore excluded overlapping (i.e., non-targeted) data within the footprint of the targeted observation, as these would dilute the high signal-to-noise ratio of the measurement. We find that a Ratios are provided with associated fitting errors. Ratios in parentheses represent Mercury's "average" composition, derived from XRS observations of the southern hemisphere [Weider et al., 2014 .
b Fe/Si ratio is corrected for a phase-angle effect, following the methodology of Weider et al. [2014] (an updated equation is based on the most recent XRS Fe/Si data).
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NE Rachmaninoff has similar Mg/Si and Al/Si, but higher Ca/Si, than the immediately surrounding terrain. Although the Fe/Si map indicates that the deposit has a relatively high Fe content, the full regional context cannot be established because of incomplete coverage.
Previous XRS results [Nittler et al., 2011; Weider et al., 2012 Weider et al., , 2014 Weider et al., , 2015 have shown that there is a ubiquitous positive correlation between the concentrations of S and Ca on Mercury's surface, at all mapped spatial scales. This correlation has been interpreted as evidence for an abundance of Ca-bearing sulfide minerals (e.g., oldhamite) [Nittler et al., 2011; Weider et al., 2012 Weider et al., , 2014 . Our targeted XRS results, however, show a striking excursion from this trend (Figure 2a) . The S/Si composition of NE Rachmaninoff is lower than in the immediately surrounding areas ( Figure 1d ) and falls at the low end of the planet's S/Si distribution ( Figure 2a) . The S/Si ratio of the NE Rachmaninoff deposit (0.02) is much lower than would be expected on the basis of its Ca/Si value of 0.24 (the expected S/Si is~0.11). Indeed, NE Rachmaninoff has by far the highest mapped Ca/S ratio on Mercury's surface (about 5 times higher than the global mean; Figure S2 ).
Discussion
Mercury's pyroclastic deposits are an end-member within MDIS and MASCS ultraviolet to near-infrared spectral reflectance data (Figure 2b ), in that they are typified by high reflectance and red spectral slopes Izenberg et al., 2014; Murchie et al., 2015] . The low reflectance of fresh craters on Mercury, compared with those on the Moon, indicates that Mercury's surface material contains an abundant opaque phase not present in the lunar regolith [Denevi and Robinson, 2008; Braden and Robinson, 2013] . Among spectral classes of Mercury's surface materials, it is thought that low-reflectance material (LRM) contains the highest concentration of this opaque phase . The heterogeneous distribution of this ubiquitous darkening agent accounts for differences in reflectance across Mercury's surface , but there has been much discussion regarding its composition, and several candidate materials have been proposed. A Ti-bearing mineral (e.g., ilmenite) as the darkening phase is ruled out on the basis of Mercury's low Ti content and reduced nature [Nittler et al., 2011; Zolotov et al., 2013; Weider et al., 2014] . Sulfides (e.g., CaS, MgS, and FeS) have also previously been suggested [Blewett et al., 2013; Helbert et al., 2013] , but these alone cannot account for the required reduction in reflectance [Murchie et al., 2015] . S-AND C-DRIVEN VOLCANISM ON MERCURYGraphite is another candidate opaque material on Mercury Bruck Syal et al., 2015] . Indeed, from modeling MDIS data, Murchie et al. [2015] showed that 1-5 wt % graphite can account for the low reflectance of LRM. This hypothesis is supported by low-altitude NS measurements, which indicate enhanced thermal neutron emissions over three sampled LRM deposits [Peplowski et al., 2016] . These NS data are sensitive to the total (macroscopic) neutron-absorption cross section of materials within the top~1 m of Mercury's surface. By attributing the change in the thermal neutron signal (which is especially sensitive to high-absorption and low-absorption elements such as Fe and C, respectively) to C, Peplowski et al.
[2016] estimated that Mercury's LRM deposits contain 1-3 wt % more C than surrounding, higher-reflectance regions. Additional low-altitude (<200 km) NS data were used to assess the composition of a 600 × 600 km region centered on NE Rachmaninoff. Peplowski et al.
[2016] found a 1.4 ± 0.8% relative decrease in thermal neutron count rate for the measurements that sampled the pyroclastic deposit, and they attributed this difference to a 1-2 wt % depletion in C from that of the surrounding region.
An examination of VIRS reflectance data (300-1450 nm) indicates little spectral contrast across Mercury's surface [Izenberg et al., 2014] . To enhance subtle spectral features (see Figure 2b) , the reflectance data are thus typically normalized to a reference area (e.g., high-reflectance red plains in Mercury's northern lowlands) [Murchie et al., 2015] . Furthermore, according to Izenberg et al. [2014] , there is no region on Mercury >20 km across that exhibits a 1 μm crystal-field absorption (which would be indicative of ≥1 wt % Fe 2+ within silicates) [Klima et al., 2011] . However, nearly all of Mercury's pyroclastic deposits (including NE Rachmaninoff) exhibit an oxygen-metal charge transfer (OMCT) absorption band [Goudge et al., 2014] . This OMCT band (typically centered at~0.2-0.3 μm) is much stronger than the 1 μm band and is easily detected for Fe 2+ contents <0.1 wt %. For larger (yet <1 wt %) FeO contents, however, the OMCT band is so strong that light at, and near, its center wavelength is absorbed and the band itself is indistinct ("saturated") [Cloutis et al., 2008] . In VIRS spectra of pyroclastic deposits the band is seen as a downturn at wavelengths less than~0.36 μm, but it is not detected in spectra from any other surface unit (Figure 2b ). On the basis of the OMCT band strength in pyroclastic deposits [Goudge et al., 2014] , we estimate that NE Rachmaninoff (with Mercury's highest reflectance) contains~0.03-0.1 wt % FeO. Non-detection of the OMCT band from other materials could be the result of Fe 2+ contents closer to~1 wt %, i.e., so that the band is saturated.
Pyroclastic eruptions are driven by the expansion of volatiles exsolved from the magma during ascent [e.g., Wilson and Head, 1981] . At the extremely reducing conditions of Mercury's interior (fO 2 2.6-7.3 log 10 units below the iron-wüstite buffer [McCubbin et al., 2012; Zolotov et al., 2013] ), S, Cl, and N should be highly soluble in magma, and there should be low abundances of hydrous species [Zolotov, 2011] . It has been suggested, however, that oxidation of S, C, N, and Cl melt complexes in ascending magmas (via reaction with oxides) can drive the necessary degassing [Zolotov, 2011] . Although orbital observations of Mercury have shown that surface materials are poor in FeO [Nittler et al., 2011; Evans et al., 2012; Klima et al., 2013; Weider et al., 2014] , Zolotov [2011] noted that some oxidation might be facilitated by reaction with SiO 2 -rich (intermediate) rocks. Indeed, the geochemical diversity of Mercury's crust is indicative of mantle heterogeneities [Peplowski et al., 2015; Weider et al., 2015] and substantial variation in silica content. Vander Kaaden et al. [2015] showed that although Mercury's rocks typically contain at least 50 wt % SiO 2 , some materials contain up to~63 wt % SiO 2 . Reaction of oxides with C and sulfides could occur by either of two scenarios consistent with our data: assimilation of C-and S-bearing LRM into oxide-rich magma or assimilation of oxide-rich country rock into C-and S-bearing magma. Pyroclastic deposits are common immediately inside the rim of the Caloris basin [Murchie et al., 2008] , which is partially filled by plains of intermediate composition (~58 wt % SiO 2 on a sulfide-free basis) [Vander Kaaden et al., 2015] . The plains are, in turn, underlain by LRM [Ernst et al., 2010 [Ernst et al., , 2015 . This stratigraphy is thus evidence of an association between SiO 2 -rich material and LRM with pyroclastic activity elsewhere on Mercury. We note, however, that the SiO 2 content of NE Rachmaninoff is likely substantially lower (~51 wt % SiO 2 [Vander Kaaden et al., 2015] ).
We suggest that the physical and chemical characteristics of NE Rachmaninoff are consistent with the Zolotov [2011] hypothesis. The XRS and NS data indicate that the deposit is depleted in S and C compared with typical materials on Mercury's surface. These low abundances can be explained by oxidation of graphite and sulfide complexes in a silicate melt during ascent and the subsequent loss of the liberated volatiles. The high
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reflectance of NE Rachmaninoff would arise from removal of graphite (the principal darkening phase) as it was consumed during oxidation. The presence of the OMCT band may be the result of an initially higher Fe 2+ content, close to~1 wt %, having been reduced to Fe 0 during the oxidation process. Indeed, the oxidation of volatiles is more likely the result of reaction with FeO-rich than SiO 2 -rich materials because O is scavenged from FeO before other oxides (and because NE Rachmaninoff does not have an enriched SiO 2 content).
We tested this oxidation hypothesis by evaluating the amount of C and S exsolution required to produce the spatial extent of the NE Rachmaninoff pyroclastic halo. If the original source magma had a Ca/S ratio typical of Mercury's crust (defined by the correlation in Figure 2a ), the amount of S lost during the eruption can be estimated. NE Rachmaninoff should therefore have had an original S/Si ratio of~0.11, in contrast to the measured ratio of~0.02. This difference in S/Si corresponds to a potential loss of about 2.5 wt % S (given a Si content of 25 wt % [Nittler et al., 2011] ). In previous studies of Mercury's pyroclastic deposits [Kerber et al., 2011; Thomas et al., 2014] , the magmatic abundances of selected volatiles in the erupting magmas were estimated from the maximum range of emplaced pyroclastic material from the central vents. We have used the latest estimate for the maximum radial range of the NE Rachmaninoff pyroclastic deposit (130 km) and the methods of Kerber et al. [2009] to constrain (on the basis of the molecular mass of each gas) the abundances of magmatic volatiles predicted to be present in Mercury's magmas [Kerber et al., 2011; Zolotov, 2011] (see Table 2 ). The "missing" 2.5 wt % S is less than the value given in Table 2 , which suggests that exsolution of this amount of S alone would not have been sufficient to create the NE Rachmaninoff halo.
Low-pressure oxidation of graphite could have led to the formation of CO [e.g., Rutherford and Papale, 2009] . If the maximum difference in C content between NE Rachmaninoff and the surrounding area (2 wt % [Peplowski et al., 2016] ) was the amount of C that was oxidized and lost from the magma, we can estimate the level of C exsolution that occurred during the eruption (e.g., loss of 2 wt % C is equivalent to exsolution of 4.7 wt % CO). According to the values in Table 2 , this amount is more than sufficient to form the deposit. Alternatively, 2 wt % C could yield 3 wt % CS 2 or 4.7 wt % COS, but both these abundances are limited by the availability of 2.5 wt % S and are below the threshold required to drive the pyroclastic activity. The values in Table 2 also show that if N, Cl, or H were the main species responsible for the explosive volcanism, magmatic abundances of 3 wt % N (as N 2 ), 3.8 wt % Cl (as Cl or S 2 Cl), or 0.2 wt % H (as H 2 S or H 2 O) would have been required. For Cl and H, these concentrations are far in excess of their maximum estimated abundances (0.35 wt % Cl, 50 ppm H) on Mercury's surface Peplowski et al., 2015] (there is no evidence for N detection in GRS spectra, indicating a maximum abundance of 1 wt %). It is thus unlikely that N, Cl, or H played a substantial role in the pyroclastic activity. On the basis of all the evidence, we therefore propose that oxidation of graphite and sulfides in the subsurface magma, by reaction with oxides (i.e., FeO and SiO 2 ), and the subsequent exsolution of C-and S-bearing volatiles during ascent, was responsible for the NE Rachmaninoff eruption. 
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Mercury's near-surface tectonics have been governed by horizontal compressive stresses for most of the planet's history [e.g., Byrne et al., 2014] . In such a tectonic regime, i.e., dominated by global contraction, it would have been difficult for ascending magmas to reach the surface and drive explosive volcanic eruptions. Magma would have been able to erupt explosively at the surface only if there were sufficient buildup of exsolved gas. Mercury's explosive volcanic vents tend to be located along major fold and thrust belts [Byrne et al., 2014] and around large impact basins. It has thus been suggested that faults and fractures helped facilitate the rise of magmas on Mercury and acted as conduits for positively buoyant melts [Head and Wilson, 1992; Thomas et al., 2014] . Although the NE Rachmaninoff vent is not associated with an impact crater, a fault within 100 km may have provided tectonic control on the vent's location [Habermann and Klimczak, 2015] . During subsurface storage of the NE Rachmaninoff magma, fractional crystallization of volatile-poor minerals may have led to increased concentrations of volatiles in the remaining melt [e.g., Bower and Woods, 1997] until a point at which the volatile overpressure exceeded the confining pressure and the eruption was triggered. Moreover, many of Mercury's pyroclastic deposits are associated with impacts that exposed LRM [Thomas et al., 2015] . Incorporation of C-and/or S-rich LRM wall rock during subsurface storage may therefore have provided an additional source of volatiles within the magma chamber [Thomas et al., 2015] .
Conclusion
MESSENGER geochemical and spectral reflectance measurements provide complementary evidence for the origin of pyroclastic volcanism on Mercury. Results from a targeted XRS observation of Mercury's largest pyroclastic deposit, NE Rachmaninoff, show that it is depleted in S compared with the rest of the planet's surface. Neutron spectroscopy results from the low-altitude phase of the mission indicate that the deposit is also depleted in C. Pyroclastic deposits on Mercury generally have elevated visible-wavelength spectral reflectance, and they are the only surface material to exhibit an OMCT band (evidence for~0.03-0.1 wt % Fe 2+ ).
These results are all consistent with the hypothesis that the explosive eruptions were driven by exsolution of S-and C-bearing volatile species. These volatiles may have originated from oxidation of graphite and sulfides in the subsurface magma as a result of reactions with relatively FeO-rich materials. The high reflectance thus results from consumption of graphite during oxidation. In addition, the OMCT band may constitute evidence for the reduction of much of the magma's initial (~1 wt %) FeO content during the oxidation process. It is unclear, however, how well NE Rachmaninoff represents Mercury's other pyroclastic deposits. It is the largest of the planet's pyroclastic deposits and also one of a small minority (about 15% of all Mercury's pyroclastic vents) not located within an impact basin. Although NE Rachmaninoff and the smaller deposits are linked by their OMCT bands and high reflectance, it is not possible to perform comparable geochemical analyses for the smaller deposits with MESSENGER datasets. This issue may be addressed by observations to be acquired by the forthcoming BepiColombo mission [Benkhoff et al., 2010] .
